The dynamic response of VO 2 -coated silicon microcantilevers thermally driven over the film's insulator-to-metal transition was studied using laser light pulses directly incident on the cantilevers. The measured photothermal response revealed very high curvature changes of approximately 2500 m À1 up to pulse frequencies greater than 100 Hz and readily observable vibrations up to frequencies of a few kHz with no amplitude degradation after tens of thousands of pulses. Maximum tip amplitudes for 300-lm-long, 1-lm-thick cantilevers used in these experiments were nearly 120 lm and correspondingly less for 2-lm-thick cantilevers. The main mechanism limiting oscillation amplitude was found to be heat transport response during heating and cooling, which depends mainly on thermal conduction through the cantilever itself to the massive anchor and chip body, which acted as a heat sink at room temperature. For the laser-driven oscillations studied, damping by the surrounding air is unimportant in the range of frequencies probed. Large-curvature response is expected to extend to higher pulse frequencies for cantilevers with smaller dimensions.
I. INTRODUCTION
In recent work, it was shown that high reversible strains develop in VO 2 =Si cantilevers when heated through the film's insulator-to-metal transition (IMT), 1 causing curvature changes of over 2100 m
À1
. Higher curvature changes were reported more recently for Cr-coated monocrystalline VO 2 cantilevers, 2 although part of the enhancement is caused just by their smaller size, since, for cantilevers with rectangular cross section, an applied moment will produce a curvature inversely proportional to the cubic power of the thickness. Because massive heaters have been used in all previously reported experiments with VO 2 -coated microstructures, the speed of mechanical response has not been probed so far. This paper presents experimental results obtained by direct pulsed heating of VO 2 =Si cantilevers using laser light. In general, all previous results in the literature for vibrational photothermal response of cantilevers refer to small oscillations originating with differential thermal expansion (DTE) or even radiation pressure, with resulting amplitudes comparable at best with cantilever thickness. [3] [4] [5] [6] In the present case, the oscillations observed are several orders of magnitude larger, with tip deflections comparable to the length of the cantilever. Optically triggered phase transitions of amorphous SbTe alloy glasses have also been shown recently to cause very high curvature changes or tip deflections in microcantilevers coated with these materials. 7 However, in that case, the relevant strain-generating physical process is crystallization of the glass coating, and the change is permanent unless the material is amorphized afterwards. In contrast, the high curvature changes observed in the present case persist only as long as the cantilever is illuminated and, as will be shown in this article, recovery of the initial shape mainly depends on heat dissipation by the structure. Hence, these or similar devices are suitable as fast reversible microactuators which can be controlled by light beams.
II. EXPERIMENTAL PROCEDURES
Vanadium dioxide thin films were deposited for this work on commercially available Si microcantilever chips (MikroMasch) by pulsed laser deposition using a KrF excimer laser at 10 Hz repetition rate and with a 4 J=cm 2 average fluence incident at a rotating vanadium target. Growth was performed in a 50 mTorr O 2 =Ar atmosphere with gas flows of 15 and 10 standard cubic centimeters per minute, respectively. Substrate temperature during growth was 550 C. Film thicknesses were measured on test substrates with a stylus profilometer. X ray diffraction showed that films are polycrystalline and strongly oriented with monoclinic (011) M planes parallel to the substrate surface. Examination with a microscope revealed that the coated cantilevers are concave toward the substrate side, indicating that films are under compression at room temperature. All experiments described in the following were conducted for single microcantilevers in each of several chips. A set of measurements was conducted on cantilevers with length and thickness (in lm) of 300 and 1, respectively. It was additionally conducted on cantilevers with length and thickness (in lm) of 350 and 2, respectively. In all cases, cantilever width was 35 lm. Thicknesses of the VO 2 films were approximately 300 nm and 150 nm on the 1-and 2-lm-thick cantilevers, respectively. In preliminary tests, a chip was attached to a thermocouple-controlled heater and observed using a CCD camera with a long working-distance microscope objective as the IMT was traversed. From recorded video images similar to the double exposure shown in Fig. 1 cantilever length, tip displacement through the transition was determined to be $120 lm for the 300-lm-long cantilevers, which yields a curvature change of over 2500 m À1 for the 1-lm-thick Si cantilevers. This is consistent with previous results obtained for similar VO 2 =Si cantilevers. 1 As expected, curvature change was much less for the 2-lm-thick Si cantilevers, but it was still easily observed with a light microscope, as shown in Fig. 2 . In this case, the chip was mounted sideways on the heater with silver paste, so that its profile could be observed directly. The image in the figure is a superposition of still pictures obtained at the extrema of motion. Tip displacement through the IMT of this 350-lmlong cantilever was measured using a filar eyepiece (Lasico 1602E-10). A value of 14.8 lm was obtained, which is approximately a factor of eight lower than for the 1-lm-thick cantilever. This seems reasonable, considering that -other things being equal -it could be expected that a cantilever twice as thick would develop a curvature change through the IMT that is eight times lower. Of course, not all conditions are the same, since the thicker cantilever used was actually longer (350 lm versus 300 lm), while film thickness was actually one half (150 nm versus 300 nm). The calculated curvature change is $240 m À1 through the transition for this cantilever. Since curvature change is independent of cantilever length, this reduced response, over a factor of ten lower than for the 1-lm-thick cantilever, may be partially a function of the lower VO 2 film thickness. This question is not further explored presently, but it is evident at this stage that, even if response is somewhat impaired with very thin polycrystalline VO 2 films, thicknesses of order 100 nm suffice to produce substantial curvature changes as the phase transition ensues.
In a second set of experiments, instead of the heater, a diode laser beam (k ¼ 672 nm) was used to heat the cantilever from room temperature past the IMT. These and all further experiments were conducted in air. The laser beam was loosely focused to a $100 lm spot, overfilling the cantilever width. Laser intensity was adjusted with neutral density filters to the minimum value ($20 mW) able to cause maximum deflection, which implies that all or most of the cantilever material reached a temperature high enough for the VO 2 film to undergo the phase transformation. It was found that this maximum displacement was obtained with lowest intensity by aiming the laser spot to a zone between the cantilever's middle point and the end at which it joins the chip body (the anchor). This could be expected because the chip itself, which is massive in comparison to the cantilever and is cemented with silver paste to the sample holder, acts as a heat sink at room temperature. Owing to this heat sinking ability, it was possible to maintain maximum cantilever curvature indefinitely and without degrading performance as long as the light beam was incident on the cantilever. Interruption of illumination caused the cantilever to return rapidly to its initial shape, suggesting that fast cooling was indeed taking place. The following experiments with pulsed laser light were designed to probe the speed of response for this motion as the IMT was traversed.
While VO 2 has a quite substantial change in optical transmittance in the near infrared, it exhibits very little change in the visible range. 8 Because red laser light was employed for the pulsed heating, absorption through the transition proceeds fairly evenly. At the wavelength used for pulsed illumination (672 nm), the real and imaginary parts of the VO 2 refractive index (M 1 phase) are, respectively, 2.8 and 0.325. 9 These values imply that $23% of normally incident light is reflected and skin depth is d % 160 nm. Hence, about 85% of incident light not reflected will be absorbed in the 300-nm-thick films and about 60% in the 150-nm-thick films. For silicon, attenuation at this wavelength is much less, 10 and skin depth is d % 3.3 lm. However, considering, in addition, the internal reflections at the VO 2 =Si and Si=air interfaces, it is clear that, in both geometries used, most of the light energy is absorbed by the film and much of the rest is absorbed by the Si substrate.
For initial tests with pulsed light, an electromechanical shutter (Uniblitz T-132), which allowed control of pulse dwell and frequency, was inserted in the path of the laser beam. Cantilever response to the light pulses thus produced was then observed directly with the CCD camera. The amplitude of cantilever motion achieved with the same laser power as before was as large as observed previously by raising the temperature with the heater or with the continuous laser beam. This behavior continued up to the frequency limit of the shutter (100 Hz), implying that a pulse dwell as short as C. Total tip displacement, measured with a filar eyepiece, was 14.8 lm. It is noted that the silicon cantilever in this case is twice as thick as that shown in Fig. 1 , which explains the much lower deflection (by a factor of $ 8). In this setup, the cantilever chip was mounted sideways directly onto a heater.
$5 ms was enough to cause full deflection. At this frequency, the camera used was unable to follow the cantilever motion, but the oscillation limits were clearly observed. Because of the localized heating, which can be achieved with the laser, it was entirely feasible to actuate individual cantilevers in the chip without noticeably affecting others in close proximity. Hence, any number of cantilevers can be actuated in a desired sequence, provided the laser beam is addressed to each of them in that sequence. Clearly, it is also possible to actuate several contiguous cantilevers simultaneously by expanding the beam and correspondingly increasing the beam power.
To measure cantilever response as a function of pulse rate at higher rates than allowed by the electromechanical shutter, an electronic circuit was used to pulse the heating laser up to 10 kHz and the sample holder was placed in an optical setup, as illustrated in Fig. 3 . In the figure, L1 and L2 represent the measuring and heating lasers, respectively. The reflected beam from the continuous laser L1 (a laser diode with k ¼ 808 nm) was detected by a linear position sensitive detector (PSD). As indicated, the length of the PSD's sensitive surface was located along the reflection plane defined by the incident beam from L1 and the surface normal to the cantilever. The intensity of this measuring beam was trimmed to reduce the heating load as much as possible, while still allowing detection by the PSD. The heating beam from L2 (the same 672 nm laser used in the previously described experiments) entered from a lateral direction. The actual laser beam shapes were not as in Fig. 3 , which is illustrative only. Instead, both beams were loosely focused on the cantilever surface, so that the heating beam overfilled its width as before, while the measuring beam approximately filled the cantilever width. Because of the large deflection occurring through the IMT, it was found more convenient not to aim the measuring laser beam near the cantilever end but close to -or overlapping with -the heating beam. This setup enabled alignment using the CCD camera to view the cantilever from the top to be able to aim the probe and heating beams to the desired positions. The relative oscillation amplitude was then measured with the PSD as the cantilever was heated with the L2 laser pulses. These measurements were conducted with both 1-lm and 2-lm-thick Si cantilevers.
III. RESULTS AND DISCUSSION
Experimental results obtained for pulsed laser using the setup described above and in Fig. 3 , with the same laser heating intensity as for the preliminary tests, are presented in Fig. 4 , showing the relative amplitude (in dB, with respect to amplitude at very low frequencies) versus pulse frequency (in a logarithmic scale) for the 1.0-lm-thick cantilever with 300-nm-thick VO 2 coating. The resulting vibration amplitude is constant up to f % 125 Hz, has decayed by À3 dB at 328 Hz, and continues to decay thereafter at an approximate rate of À11 dB=decade. By 3 kHz, the signal drops more steeply, and by f % 4 kHz, it is comparable to the noise level. The minimal rise time of the readout circuit used with the PSD is 0.3 ms for 10 to 90% output, according to manufacturer specifications (Hamamatsu C-3683-01), which means that response can be expected to be impaired well before 3.3 kHz. Hence, the change in amplitude decay rate observed after f ¼ 2 kHz was attributed to this instrumental limitation. Through the complete set of measurements for each sample, the cantilever in question was subjected to a sequence of pulse trains lasting at least several minutes each and with increasing frequencies up to -as implied in Fig. 4 -well over 1 kHz. Therefore, the total number of pulses applied to the cantilever exceeded tens of thousands. No observable reduction in amplitude was found when repeating measurements at low frequency with the same cantilever, which suggests that there was no significant degradation of the VO 2 film caused by thermal cycling within the limited temperature range maintained. Although no long-term tests were conducted with these particular cantilevers, the same observation applies to similar cantilevers which were exposed to higher pulse frequencies for longer times or in repeated tests, totaling a number of pulses of order 1 Â 10 6 , provided that the incident light intensity was kept below a certain level (beyond which permanent damage was caused by excessive heating).
A similar set of measurements was performed on the 2.0-lm-thick cantilever with 150-nm-thick VO 2 coating (see Fig. 5 ). In this case, the resulting vibration amplitude remained constant up to f % 215 Hz, dropped by À3 dB near 415 Hz, and decayed thereafter much more rapidly than in the previous case.
Thermal losses of the cantilever system were found to be the main mechanism affecting the amplitude of cantilever oscillations (for cantilevers of a given geometry) as the photothermal driving frequency was increased within the range explored. In order to estimate the expected rate of heating and cooling of the VO 2 =Si cantilever system under pulsed illumination, a very simplified model of the heat transfer problem was studied with numerical simulations using finite element analysis software. 11 The geometry for the simulations and partial results obtained for laser-induced heating of the 300-lm-long VO 2 =Si cantilever (0.3 lm=1.0 lm thicknesses, respectively) are illustrated in Fig. 6 . The cantilever chip body or anchor was assumed to act as a heat sink at room temperature, and the cantilever is assumed to be surrounded by ambient air. The heated zone on the top layer was defined at a position on the cantilever and with longitudinal extension similar to those actually used in the experiments. These are indicated by thin black arches -centered at a distance of 100 lm from the anchor -drawn on the cantilever in the figure. The input power delivered to the cantilever was assumed to be 10 mW for the simulation, with constant power density within the indicated zone. Taking into consideration that the laser beam spot in the experiment had a diameter of $100 lm, so that only a fraction of its irradiance actually illuminated the cantilever, and that over 20% of the light will be reflected at the film surface, the thermal power input assumed for the simulation was expected to be fairly similar to that actually absorbed in the experiment. Commonly accepted bulk values were used for Si thermal properties, and those for VO 2 were from the literature. 12, 13 The thermal conductivity of VO 2 (j VO2 ) changes little with the transition in absolute terms; a value of 5 Wm À1 K À1 was assumed for calculations. 10 Because this is much lower than for Si (j Si ¼ 148 Wm
), the effect of the film on the thermal diffusivity of the coated cantilever is to decrease it, slowing down its thermal response. The specific heat of VO 2 , averaged over the heating range in order to account for the phase transition, is rather close to that for silicon. The effect of the latent heat of transformation of VO 2 on the effective diffusivity of the cantilever material is small if averaged over the heating or cooling range, while in practice it should cause its value to be reduced slightly over the actual range of the IMT and thus cause a small reduction of the heating and cooling speeds in this range. The effect of heat transfer through the surrounding air is relatively small, but natural convection was also included in the simulations. Thermal radiation losses were neglected.
The gray tone scale (color online) in Fig. 6 shows the calculated temperature along the cantilever after a 10-ms light pulse (that is, after a total energy of 10 À4 J was absorbed within the illuminated zone). According to the simulation -which is constrained by the boundary condition imposed at the edge -a region of $25 lm length next to the heat-sinked anchor never achieves a temperature high enough to undergo the transition, while, in practice, this "cold" region is likely shorter. It is noted that, while the transition temperature of the VO 2 films is nearly 68 C, it can be lower for some samples because of slight oxygen deficiency, which is known to strongly affect it.
14 However, full displacement actuation requires heating past the IMT and not just up to the transition temperature. Since the transition region in these samples can have a temperature range of up to 20 degrees, this means that heating up to $80 C is required for maximum displacement. Because of the proximity of the anchor to one side, the maximum temperature achieved during the pulse does not occur at the center of the illuminated zone, but is shifted toward the tip. This is more clearly shown in Fig. 7 , which is the calculated temperature profile along the cantilever by the end of the pulse. The final C. The calculated temperature for the cantilever is indicated using the scale at right in the figure. Under these conditions, most of the VO 2 film material -excepting a relatively short portion near the anchor -has reached a temperature high enough to transform completely to the tetragonal (R) phase.
temperature distribution drops sharply toward the anchor and much more gradually toward the tip. In this simulation, the temperature at the tip reaches 152 C, while the maximum temperature near the cantilever center reaches 194 C. Hence, actual light intensities not much higher than the value assumed for the simulation could cause enough local heating to damage the film material, possibly through oxidation. It is noted that actual light distribution at the beam is not uniform but -at best -can have a Gaussian profile and -worstcould exhibit "hot spots". The optimum laser output intensity used in the experiments was found by trial and error, with significantly higher intensities -roughly twice the laser power for constant beam spot size -causing permanent damage of the coating. The latter was clearly noticed by a loss of response and discolorations or burning observable with a microscope.
The graph in Fig. 8 displays the calculated temperature as a function of time near the cantilever's free end during and after the 10-ms heating pulse. The characteristic times found for heating and cooling from this particular simulation are both nearly 0.9 ms, although it is slightly larger for cooling, as can be expected from the asymmetry for heating and cooling conditions. Hence, according to the simulation, maximum amplitude of the thermal oscillations at the cantilever tip could be maintained for heating pulses with frequencies of order 100 Hz. However, because strong curvature change only occurs in a shorter temperature range ($20 K for the particular samples tested) centered on the transition temperature, there should be some "headroom" in response, which can partly explain why there is no reduction in the measured amplitude up to a higher frequency ($125 Hz). In any case, it is not possible with this simplified model, and because of uncertainties in the values of materials constants (particularly for the VO 2 ) and actual irradiance distribution on the cantilever, to predict the exact inflection point in Fig. 4 . However, it is clear that, after this value, assuming constant irradiance for the shortening heating pulses, response amplitude must diminish, because there is not enough time for complete heating and cooling. A simulation for the 2-lm-thick cantilever yields very similar results.
As the light pulse frequency is increased, the amplitude of the temperature oscillation is thus reduced and eventually its distribution will become nearly stationary at a sufficiently high frequency. At that stage, the cantilever should remain nearly fixed, with a curvature corresponding to this final temperature distribution. The curvature value for this highfrequency stationary limit will depend on irradiance and the effective thermal diffusivity of the coated cantilever for any given geometry. From the numerical simulations, it can be seen that response by the mechanism described should be readily detectable -although much reduced in amplitude -up to frequencies well in excess of 5 kHz for cantilevers like the ones used in this work. As mentioned before, however, response limitations in the PSD readout circuit employed starts reducing the signal by $ 3 kHz. It was still possible to detect cantilever response up to a frequency slightly over 4 kHz.
The response of the coated cantilevers to single light pulses (or a train of pulses) was studied using the same experimental setup as for the measurements of relative amplitude as a function of pulse frequency. In this case, the output voltage of the PSD was recorded as a function of time during single pulses of the heating laser. The result for a VO 2 =Si cantilever (150 nm=2.0 lm thicknesses) is shown in Fig. 9 . The vertical lines indicate the start and end of the pulse, and it is noted that zero in the time scale does not correspond to pulse initiation. Several features stand out, which are now considered. The cantilever is fully bent after 1.9 ms of irradiation and returns to its initial position 2.3 ms after the light pulse ends. This implies that a minimal period as long as $4.2 ms would be required to cause full bending and complete relaxation back to initial conditions. Therefore, the maximum pulse frequency with full amplitude can be expected to be $240 Hz (although, ideally, the cycles should be asymmetric, with a 45% duty cycle, while a 50% duty cycle was actually used in all experimental cases). This is in very good agreement with the results shown in Fig. 5 for the same sample. It is noted also that response occurs promptly after illumination starts. This is attributed to the very high absorption in VO 2 at the wavelength used (approximately Fig. 6 . The temperature as a function of time is given for a point near the free end of the cantilever during the 10 ms heating pulse. As described in the text, geometry and conditions were similar to those in the actual experiment.
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4 cm À1 ), 9 which causes the film to heat up very rapidly upon onset of the light pulse.
The result in Fig. 9 also shows a curious oscillation right after the light pulse is started and a shoulder shortly after the pulse ends. As far as we could establish, these features are not artifacts and were observed -with some variations -in all pulse-train measurements performed with different samples and under different conditions. Since heating and cooling do not occur uniformly along the length or thickness of the cantilever, large thermal gradients can appear during the transient heat transfer stages. Numerical simulations of cantilever bending response to pulsed heating, modeling the thermally induced stress between the VO 2 and Si layers by means of a fictitious temperature-dependent thermal expansion coefficient for the VO 2 , which reproduced the observed bending of the cantilever as a function of temperature, were able to elicit transient responses, such as the oscillation and shoulder observed in Fig. 9 . However, these results depend very sensitively on conditions, and a correct analysis of the transient features observed will require a more detailed numerical study of this problem which couples the heat transfer and elastic response of the VO 2 =Si cantilever system as pulsed irradiation causes the film to undergo its phase transition.
In order to clarify the relationship between the effect of the transition and that of DTE through the same temperature range, these are now compared. Since the thermal expansion coefficients of VO 2 are -in most crystallographic directions and for both its M 1 and R phases -higher than for silicon, during temperature increases, the effect of DTE on the coated cantilever will bend it downwards (assuming the VO 2 film is on top). To illustrate, the average expansion coefficient (a) of VO 2 is 5.70 Â 10 À6 K À1 (for the M 1 phase) and 13.35 Â 10 À6 K À1 (for the R phase). 15 In contrast, a ¼ 2.9 Â 10 À6 K À1 for silicon near 68 C. 16 Assuming -for simplicity -that the VO 2 film remains completely in its M 1 phase up to the transition temperature and is entirely in its R phase thereafter, it can be directly estimated that, in heating from 10 degrees below to 10 degrees above the transition temperature, the strain developed by DTE is approximately þ1.3 Â 10 À4 (with the positive sign chosen to indicate a strain tending to curve the cantilever downwards). The strain change during the transition can be estimated using the same approach as in Rúa et al. 1 From tip displacements measured in the present experiments, as mentioned earlier, the maximum curvature change was calculated to be over $2500 m
À1
. From the known thicknesses for film and cantilever (0.3 lm and 1.0 lm, respectively), and assuming Young's moduli of $140 GPa and 169 GPa for VO 2 and Si, respectively, 17, 18 the strain change developed during the transition can be calculated to have been about À33 Â 10
À4
. Therefore, the strain observed during the phase transition is about 25 times larger than what would be caused by DTE alone. Moreover, since the curvatures generated by the two effects oppose each other, it follows that the strain caused solely by the transition -assuming one could actually disentangle it from DTE -is actually slightly higher than the value just estimated. These high strains of $0.3% through the transition originate in the lattice parameter changes. Particularly along the a M direction, which turns out to be parallel to the sample surface in the oriented films grown by PLD on Si or glass, the lattice parameter is contracted by nearly 1% during the M 1 ! R transition in crystals. 13 It is well known that the large associated stresses commonly cause cracks in bulk VO 2 crystals during thermal cycling through the phase transition. However, in good quality thin polycrystalline films, repeated cycling causes no detectable changes in properties. In addition, the fact that films on microcantilevers actually relax stress by deforming much more than what is possible on thick substrates can help forestall crack development.
The effect of air damping is now briefly considered in terms of a simplified, but roughly equivalent, physical system. For periodic motion in fluids, the Reynolds number can be stated as Re ¼ f qL 2 =g, where f is the linear frequency of oscillation, L is a characteristic length of the oscillating object, and q and g are, respectively, the fluid's density and dynamic viscosity. The cantilever can be regarded as a flattened ellipsoid with semiaxes equal to one half of each of the cantilever dimensions. When viscous forces are important, this ellipsoid can be replaced in turn by a sphere with equivalent radius R computed following an analytic procedure discussed by Lamb. 19 The resulting equivalent radius for a cantilever with the dimensions used in these experiments, moving in a direction normal to the cantilever plane, is R ¼ 56.5 lm. Hence, using room temperature values of q and g for dry air, Re % 1:9 Â 10 À4 Â f . Thus, Re ( 1 up to f $ 100 Hz, but becomes Re $ 1 already for the highest frequencies probed in this experiment. Hence, drag can be modeled simply by a Stokes term only for the lower frequencies. In the more general case, but still considering the motion of the equivalent sphere with radius R, for oscillations in the x direction and angular frequency x, the drag acting on the sphere can be written as 
where the dotted variables ð _ x; € xÞ are, respectively, its speed and acceleration and d % ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2g=qx p corresponds to the approximate width of a fluid layer, measured from the sphere's surface, which will have non-zero vorticity. 20 The parameters b 1 and b 2 (both functions of x) in Eq. (1b) are implicitly defined. The resulting frequency dependence of the differential equation of motion is quite complicated, even for this very simplified model. However, if a harmonic driving force with amplitude F 0 and angular frequency x is assumed, the amplitude of the resulting oscillation can be approximated by
where k* and m* are the effective spring constant and effective mass of the cantilever, respectively. The latter can be taken to be 0.24 m, where m is the actual cantilever mass, 21 which can be readily calculated for the present case from the known geometry and density. The amplitude function A(x) for arbitrary F 0 can then be evaluated for the bare cantilever using its typical effective spring constant (k* ¼ 0.05 N=m for the 1 lm cantilever, according to the manufacturer), which, of course, neglects the change caused by the film. Straightforward calculation shows then that (for the bare 1-lm-thick cantilever), while the resonant frequency is pulled down substantially (by $9%) owing to air drag, its effects in the lower frequency region (at least up to x $ 12 000 s À1 ) are negligible for the driven oscillations. It is noted that, because of the increased breadth of the resonance peak caused by damping of the driven oscillator, an amplitude increase in the motion can be expected at higher frequencies, that are still low in comparison with the resonance frequency (x resonance $ 84 000 s À1 for the bare, damped, 1-lm-thick Si cantilever). This is not relevant in the present case, because the reduction in amplitude of thermal excitation caused by the limitations imposed by the heat transfer mechanisms is equivalent to a reduction in the value of the forcing amplitude F 0 as the frequency is increased beyond x $ 800 s À1 . However, it may become relevant for other geometries or conditions which allow faster heating and cooling of the structure.
As long as the surrounding fluid does not significantly absorb light at the wavelength chosen for heating the cantilever, it should be feasible to employ the same actuation mechanism demonstrated here for air. The case of aqueous media is of particular interest for potential biological or medical applications. Taking into consideration the dynamic viscosity and density of water at room temperature, the applicable Reynold's number for cantilevers of the length used in this work is Re $ 3 Â 10 À3 f, where f is, again, the vibration frequency. That is, at any given frequency, Re is an order of magnitude higher for water than for air, which means that inertial effects become dominant over viscosity effects at a lower frequency. Hence, already at frequencies an order of magnitude lower than in the case for air, drag cannot be modeled just with a Stokes term, and the three additional terms in Eq. (1a) must be considered, even in the simplified model proposed. Inspection of these terms reveals that drag will increase in water, particularly because of the inertial terms -since its density is three orders of magnitude higher -and not so much because of its higher viscosity. Using the same mathematical approach implied by Eq. 2, and with appropriate values for water in the b 1 and b 2 parameters, reveals that, as in the case of air, for the small characteristic dimensions of the cantilevers and the relatively low frequencies of interest here (up to few kHz), the amplitude of a driven oscillator will not be damped in water. On the other hand, while the much higher cooling capacity of water should increase cooling speed, it will also make it more difficult to heat the cantilever past the phase transition, so that oscillation amplitudes may become limited for this reason instead.
Oscillation of a sphere in a fluid medium cannot be expected to accurately represent the case of cantilever vibration in the same medium. Moreover, for the larger oscillation amplitudes observed in this work, nonlinear effects cannot be neglected and the assumption of a constant k* is inadequate in that case. Nevertheless, the model can be useful as a first approximation to describe damping effects.
Since actuation speed is a primary concern for many possible applications, it is unavoidable that low thermal mass and good heat sinking will be required in devices based on the effects discussed. Nevertheless, the same concern and limitations would apply to any thermally actuated device, including DTE actuators. As revealed in the experiments performed with the very simple structures used in this work, with lengths up to 350 lm, amplitude begins to drop at a frequency in the 100 to over 200 Hz range. For larger structures, oscillation amplitude will be reduced at a lower frequency because of cooling limitations, although useful devices may still have lengths of a few mm. On the other hand, it seems clear that scaling down should be easily feasible and that higher actuation frequencies at high curvature amplitudes could then be achieved on account of size reduction. The extremely high curvatures demonstrated very recently with Cr-coated single-crystal VO 2 cantilevers showed that structures with lengths in the 1 lm range can be based on the same effect. 2 Although actuation speed was not probed in the latter referenced work, it is expected that these substantially smaller structures can be operated at higher frequencies. Further scaling into the sub-micron or nanometer length regime must take into consideration film microstructure, since, for polycrystalline films, this runs into the size scale of crystal grains. It should be mentioned in this connection that cantilevers with nanocrystalline VO 2 coatings have been studied and that the change through the transition associated with mechanical properties -resonant frequency in particular -was found to be much lower for finer grained material, a decrease of response which may be associated with the loss of crystalline orientation or the effect of residual tensile stress. 22 While photothermal actuation was found to be particularly convenient for the experiments described here, there appears to be no obstacle to achieve similar results heating the cantilevers instead by means of electrical currents through suitable conducting lines fabricated on the cantilevers themselves.
IV. CONCLUSIONS
Silicon microcantilevers coated with VO 2 thin films grown by PLD were photothermally stimulated with red light pulses, and the resulting oscillations were studied as a function of time and pulse frequency. Oscillations with very large amplitudes were observed for frequencies up to hundreds of Hz and still substantial amplitudes up to well over 1 kHz. It was concluded, on the basis of numerical simulations for the structures, that the main mechanism diminishing oscillation amplitude at higher frequencies is heat conduction response through the cantilever itself during heating and cooling. The experimental results presented demonstrate that microcantilevers or similar VO 2 -coated microstructures photothermally driven by laser pulses can be used as independently addressable actuators with response amplitudes which are much higher than those obtainable from DTE mechanisms in comparable "bimetallic" structures. No degradation in response was observed in these cantilevers after tens of thousands repeated light pulses with the same limited intensity required for actuation or -in similar cantilevers -up to a total number of pulses of order 1 Â 10 6 . Faster heating and cooling, which can be achieved with smaller structures, should allow actuation with large curvature changes at even higher frequencies.
